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Philips Research Laboratories, 5600 JA Eindhoven, The Netherlands ABSTRACT E t c h i n g e x p e r i m e n t s w e r e c a r r i e d o u t on partially m a s k e d G a A s single crystals in a l k a l i n e K3Fe(CN)~ s o l u t i o n s in w h i c h t h e dissolution rate of all crystal planes is diffusion-controlled. E t c h i n g could b e rate d e t e r m i n e d in t w o ways. In t h e first case, m a s s t r a n s p o r t of OH-ions to t h e GaAs surface d e t e r m i n e d t h e rate of t h e anodic partial reaction a n d also t h e etch rate. This resulted in r o u n d e d profiles at the s e m i c o n d u c t o r / r e s i s t edge as e x p e c t e d for diffusion limited etching. In t h e s e c o n d case, mass t r a n s p o r t l i m i t e d r e d u c t i o n of t h e oxidizing a g e n t d e t e r m i n e d t h e dissolution rate. E t c h i n g at t h e resist edge was now, surprisingly, anisotropic a n d faceted profiles were observed. On t h e basis of e l e c t r o c h e m i c a l meas u r e m e n t s w i t h these e t c h a n t s it is c o n c l u d e d t h a t a local galvanic e l e m e n t can be f o r m e d b e t w e e n crystallographic facets. As a result, certain facets m a y be cathodically p r o t e c t e d a n d c o n s e q u e n t l y etch m o r e slowly t h a n t h e c o r r e s p o n d i n g free crystal plane.
I n p r e v i o u s w o r k (1), we d e v e l o p e d a m a t h e m a t i c a l m o d e l to d e s c r i b e d i f f u s i o n -c o n t r o l l e d e t c h i n g at r e s i s t edges.
W h e n t h e rate c o n s t a n t s for d i s s o l u t i o n o f a m o n oc r y s t a l l i n e solid are v e r y h i g h for all c r y s t a l l o g r a p h i c p l a n e s , t h e n m a s s t r a n s p o r t in t h e s o l u t i o n is g e n e r a l l y rate d e t e r m i n i n g , a n d e t c h i n g is e x p e c t e d to b e isotropic. At resist edges, t h e r e f o r e , r o u n d e d profiles are p r e d i c t e d , a n d t h e e t c h d e p t h n e a r t h e e d g e is e n h a n c e d b e c a u s e of a m o r e e f f i c i e n t s u p p l y of e t c h a n t . T h i s m o d e l w a s v e r i f i e d for G a A s u s i n g v a r i o u s c h e m i c a l e t c h a n t s (1) . With e l e c t r o l e s s s y s t e m s , h o w e v e r , we f o u n d a n o m a l o u s results. In m a n y cases in w h i c h t h e e t c h rate of t h e vario u s c r y s t a l p l a n e s of G a A s w a s c l e a r l y d i f f u s i o n c o n t r o l l e d , e t c h i n g at resist edges was, n e v e r t h e l e s s , ani s o t r o p i e (1).
I n t h e p r e s e n t w o r k , we d e s c r i b e d t h i s e t c h i n g a n o maly. R e s u l t s of c u r r e n t -p o t e n t i a l a n d i m p e d a n c e m e as u r e m e n t s a r e u s e d to a s s i s t in u n d e r s t a n d i n g t h e u n us u a l e t c h i n g r e s u l t s . T h e e o n c i u s i o n s h a v e , h o w e v e r , a w i d e r r e l e v a n c e since t h e y s h o w t h e i m p o r t a n c e of elect r o c h e m i c a l i n t e r a c t i o n b e t w e e n d i f f e r e n t c r y s t a l l og r a p h i c facets in a single crystal electrode.
Experimental
I n t h i s w o r k we u s e d n -t y p e a n d p -t y p e G a A s w a f e r s w i t h t h e (100), (111) Ga, a n d (111) As o r i e n t a t i o n s . All s a m p l e s w e r e o b t a i n e d f r o m M C P E l e c t r o n i c s , L i m i t e d , E n g l a n d a n d h a d a c a r r i e r c o n c e n t r a t i o n in t h e r a n g e 5 • 10'7-2 • 1018 c m -3. T h e slices w e r e m e c h a n o -c h e m i c a l l y p o l i s h e d b e f o r e use.
F o r t h e e t c h i n g e x p e r i m e n t s e i t h e r p h o t o r e s i s t (HNR-999 a n d HPR-204 f r o m Shipley) or SiO~ w e r e u s e d to m a s k t h e G a A s surface. T h e s a m p l e s w e r e m o u n t e d on a glass plate a n d h u n g v e r t i c a l l y in t h e e t c h i n g solutio n.
T h e e t c h a n t s u s e d are d e s c r i b e d in d e t a i l e l s e w h e r e (1). A f t e r e t c h i n g , t h e slices w e r e c l e a v e d p e r p e n d i c u l a r to t h e resist edge, a n d t h e e t c h e d profiles w e r e e x a m i n e d in a s c a n n i n g e l e c t r o n m i c r o s c o p e (SEM). T h e r e s i s t l a y e r w a s n o t r e m o v e d in t h e s e e x p e r i m e n t s , a n d c o n s eq u e n t l y t h e o v e r h a n g i n g e d g e c a n b e s e e n in t h e S E M p h o t o s .
T h e e x p e r i m e n t a l details for t h e e l e c t r o c h e m i c a l meas u r e m e n t s w e r e t h e s a m e as t h o s e r e p o r t e d in p r e v i o u s w o r k (2). P o t e n t i a l s are g i v e n w i t h r e s p e c t to t h e satura t e d c a l o m e l e l e c t r o d e (SCE). All m e a s u r e m e n t s w e r e p e r f o r m e d at r o o m t e m p e r a t u r e .
The Etching Anomaly F i g u r e l a s h o w s a profile at t h e r e s i s t e d g e o b t a i n e d w i t h a G a A s s a m p l e in a d i f f u s i o n -c o n t r o l l e d e t c h a n t (HC1/H202/H~O). T h i s is a t y p i c a l c h e m i c a l e t c h i n g syst e m : a s y n c h r o n o u s e x c h a n g e of b o n d s o c c u r s b e t w e e n a G a -A s s u r f a c e p a i r a n d t h e e t c h i n g s p e c i e s , H202 in t h i s case (1) . F r e e c h a r g e carriers are n o t i n v o l v e d in this reaction, a n d t h e e t c h rate is n o t i n f l u e n c e d b y a n a p p l i e d p o t e n t i a l . T h e e x c e l l e n t a g r e e m e n t b e t w e e n t h e m e a - F o r electroless s y s t e m s , e t c h i n g o c c u r s at a m i x e d pot e n t i a l w h i c h is d e t e r m i n e d b y two p o t e n t i a l d e p e n d e n t e l e c t 
r o c h e m i c a l r e a c t i o n s : o x i d a t i v e d i s s o l u t i o n of t h e solid a n d r e d u c t i o n of a n oxidizing a g e n t in solution. T h e h o l e s r e q u i r e d for G a A s d i s s o l u t i o n are s u p p l i e d b y t h e o x i d i z i n g a g e n t . T h e e t c h r a t e c a n b e d i f f u s i o n c o n t r o l l e d in t w o d i f f e r e n t w a y s (1). T h e m o s t c o m m o n c a s e is t h a t i n w h i c h t h e r e d u c t i o n r e a c t i o n is d i f f u s i o n l i m i t e d a n d c o n t r o l s t h e e t c h i n g k i n e t i c s . T h e r e s u l t of a n e t c h i n g e x p e r i m e n t w i t h s u c h a s o l u t i o n is g i v e n in Fig. 2a. D e s p i t e t h e fact t h a t t h e m a c r o s c o p i c etch rate of all c r y s t a l faces w a s s h o w n to be d i f f u s i o n c o n t r o l l e d , a r o u n d e d profile w a s n o t o b s e r v e d at t h e r e s i s t edge. Ins t e a d , a c l e a r l y d e f i n e d c r y s t a l l o g r a p h i c facet w a s ex-
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-Lo F p o s e d d u r i n g dissolution; in this case it was the (111) Ga face. S i m i l a r results w e r e f o u n d w i t h a n a l o g o u s etchants, e.g., Ce 4+ solutions at low pH.
We h a v e s h o w n that, u n d e r certain conditions, etching m a y also be mass transport controlled via the anodic reaction (1). At high pH, the m a x i m u m rate of anodic dissol u t i o n of G a A s d e p e n d s on d i f f u s i o n of O H -ions to t h e e l e c t r o d e . E l e c t r o l e s s e t c h a n t s b a s e d on this l i m i t a t i o n s h o w a profile typical of diffusion-controlled dissolution (Fig. 2b) . This form agrees with that p r e d i c t e d by theory, as c o m p a r i s o n with Fig. 1 clearly shows.
The results g i v e n in Fig. 2 , w h i c h are typical of both nand p -t y p e materials, are s t r i k i n g in two r e s p e c t s : etching, when diffusion controlled via the reduction reaction, invariably gives a faceted (anisotropic) profile while a slight variation in etchant composition is sufficient to make the system isotropic.
In subsequent sections, we shall consider the electrochemistry of these etching systems at GaAs electrodes and the influence of crystallographic orientation on the reactions.
Results and Discussion
Influence of etchant composition on electrochemical results.--The e s s e n t i a l d i f f e r e n c e b e t w e e n t h e two solutions u s e d for the e t c h i n g e x p e r i m e n t s of Fig. 2 can be illustrated m o s t simply by c o n s i d e r i n g current-potential c u r v e s at p -t y p e GaAs. In Fig. 3 r e s u l t s are s h o w n for a (100) e l e c t r o d e in 0.05M Fe(CN)~ ~-solution at p H 13. The total current-potential curve (a) shows three distinct plateaus. U s i n g a ring-disk electrode, it is possible to determ i n e the partial cathodic current due to Fe(CN)~ 3-reduction (curve b)
At n e g a t i v e potentials the r e d u c t i o n reaction is diffusion c o n t r o l l e d and the c a t h o d i c c u r r e n t is c o n s e q u e n t l y potential i n d e p e n d e n t . On substracting the cathodic current from the total current, we obtain the partial anodic curve (c) due to GaAs oxidation (4)
This r e a c t i o n b e c o m e s i m p o r t a n t at p o t e n t i a l s n e a r t h e flatband v a l u e (V~B)
A similar current-potential curve (Fig. 4) is observed with the electrolyte used for isotropic etching in Fig. 2b . However, since in this case the Fe(CN)~ 3-concentration is a factor of i0 higher, the limiting cathodic current is now larger than the corresponding anodic current. The etch rate is therefore determined by the anodic reaction, i.e., OH-diffusion, and the rest potential of the system is considerably more positive than that found for the previous case in Fig. 3 . Table I we give the values of the flatband potential for our n-type and p -t y p e GaAs e l e c t r o d e s . T h e s e results, m e a s u r e d in 0.1N N a O H solution, are self-consistent; the d i f f e r e n c e b e t w e e n V~s values of n-and p-type samples of the same c r y s t a l l o g r a p h i c o r i e n t a t i o n is close to the b a n d g a p of that both the flatband potential and its pH dependence depend markedly on the orientation (6). The V~B value of the (111) Ga face was generally more positive than that of the (111) As and (100) faces. Such effects can be understood in terms of differences in the Helmholtz layer (6) . The difference in V~B values shown in Table I are also reflected in the anodic current-potential curves. In Fig. 5 results are shown for (111) Ga and (111) As surfaces of p-type material. Anodic dissolution of the Ga face starts at a potential more than 100 mV positive with respect to that of the As face. Differences in current-potential curves of n-type electrodes were also observed for different orientations.
GaAs as e x p e c t e d (5). While the (100) and (111) As elect r o d e s h a v e q u i t e similar flatband p o t e n t i a l s , the v a l u e for t h e (111) Ga face is c o n s i d e r a b l y m o r e positive. R a j e s h w a r and Mraz h a v e also s h o w n for n -t y p e GaAs
Galvanic element formation and cathodic protection.-
When a single crystal is etched at a resist edge, various crystal faces can be exposed to the solution. It is clear from the results described above that such faces differ in electrochemical activity. The importance of crystallographic orientation for etching kinetics has long been recognized. The A face of III-V crystals generally etches more slowly than the other faces, when dissolution is not diffusion controlled (7). Gatos reports that the rest potential of A surfaces in oxidizing etchants is more positive than that of the other surfaces (7) . In electrochemical terms all these results mean that the A face is, as a rule, more "noble." Such a difference in nobility suggest the possibility of local element formation (8, 9) between crystallographic facets. It has been shown above that the rest potential of the electrode depends markedly on the electrolyte composition. Differences in rest potential can have an important influence on the etching results in the case of local element formation in metals (9) ,
The effects are illustrated schematically in Fig. 6 and 7 for p-type material. For Fig. 6 it is assumed that reduction of the oxidizing agent is diffusion limited. Here we consider two arbitrary crystal planes, denoted by A and B. The difference in nobility is indicated by the difference in potential for anodic current onset. For simplicity, we ignore any diffusion limitation on the anodic side, and we assume that the areas of each plane exposed to the etchant are the same. It is clear that at the separate rest potentials VA and VB, the etch rates of the two planes are the same, being controlled by diffusion of the oxidizing agent. When the two surfaces are brought into electrical contact, it is necessary to consider the total anodic and total cathodic current-potential curves (dashed lines, Fig. 6 ). The new rest potential VAo lies between the values for the individual surfaces. It is assumed that the electrical resistance within the solid is negligible. Since VAB is negative with respect to VA and positive with respect to VB, the etch rate of the more noble surface is diminished while that of the less noble surface is enhanced. In fact, holes supplied to the A face are used to etch preferentially the B face.
Although the case shown in Fig. 6 is, of course, oversimplified, it nevertheless illustrates how certain facets can be cathodically protected by the neighboring surface. This model can therefore explain why a faceted profile is obtained even though the individual free planes are etched at a diffusion-controlled rate.
In Fig. 7 the alternate case is considered in which a limiting anodic reaction determines the etching kinetics. In this case, since the cathodic diffusion current is sufficiently large, it need not be included in the figure. The difference in nobility between the A and B planes is again clear from the anodic current onset. On the basis of this figure one can conclude that, because the anodic current is potential independent, the etch rates of the A and B planes are not affected when the two surfaces are Current-potential curves for a p-type (111 ) GaAs electrode in  0.1N NaOH solution. Curve (a) refers to the (1 ! 1) Ga face, (b) to the (111) As face. 
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c o n n e c t e d electrically. It is clear that in this case the more noble surface is not cathodically protected. In fact all surfaces are dissolved at the same rate, which is determ i n e d by OH-diffusion. E t c h i n g at resist edges is exp e c t e d to be isotropic. This is, indeed, what we observe (see Fig. 2b ). If this analysis is correct, then, the form of the GaAs profiles etched in alkaline Fe(CN)63-solutions should be determined by the ratio of the anodic and cathodic limiting currents, i.e., by the ratio of the OH-and Fe(CN)63-concentrations. The change in profile in Fig. 2 was brought about at a fixed pH by increasing the concentration of the oxidizing agent.
The i m p o r t a n c e of the solution pH is shown in Fig. 8 . Measured current-potential curves are given for a constant Fe(CN)63-concentration. These curves fall into two groups. At relatively low pH, the limiting anodic current is smaller than the cathodic current. Etching is determined by OH-diffusion and a relatively positive rest potential (> 0.0V SCE) is found. At higher pH, the situation is r e v e r s e d and reduction of the oxidizing agent is the d e t e r m i n i n g reaction. The rest potential is approximately 300 mV more negative than in the previous case. The two kinetic groups of Fig. 8 c o r r e s p o n d to the two cases of etching morphology. The rounded profile shown in Fig. 9a was obtained with a 0.5M K3Fe(CN)6 solution of pH 13 (see also Fig. 2b ). The profile can be made anisotropic simply by raising the etchant pH from 13 to 14 (Fig. 9b) .
The description of p-type GaAs given so far is similar to that which can be used for the corrosion of metals (11) . For an n-type material the situation is less straightforward. In this case the oxidizing agent injects m i n o r i t y carriers (holes) into the valence band of the solid. These holes are used to dissolve the semiconductor. During the oxidation of GaAs, surface-state intermediates are formed, and these can, to a small extent, inject electrons into the conduction band (10) . At the open-circuit potential, these electrons and holes must recombine. Because of differences b e t w e e n the rates of hole injection and hole c o n s u m p t i o n , charging of the s e m i c o n d u c t o r / electrolyte interface is observed (3). The rest potential of n-type GaAs in an etching system is therefore determined by a complex combination of all these factors (10) . E l e c t r o c h e m i c a l m e a s u r e m e n t s with n-type electrodes in the electrolytes described above show, however, features similar to those found for p-type GaAs (3). When the Fe(CN)63 concentration is high in comparison to the OH-concentration, etching is anodically controlled, and the etch rate is determined by OH diffusion to the GaAs surface. On the other hand, when the Fe(CN)63-concen- (CN) 6 solution as o function ofpH (indicated on the curves) . The electrode rotation rate was 100 rpm. tration is relatively low, the cathodic reaction involving diffusion of the oxidizing agent controls the etching kinetics. Again a considerable difference in the rest potential is o b s e r v e d for the two cases. The crystallographic orientation has an important effect. So although it is not easy to predict the rest potential and the potential distribution, it nevertheless seems reasonable to e x p e c t that local e l e m e n t s can also be formed in a m u l t i f a c e t e d n-type system and that certain facets can be cathodically protected. This has, indeed, been found experimentally.
Conclusions
The etching results described in this work lead us to conclude that local galvanic elements can be formed between crystallographic facets of monocrystalline materials. S u c h e l e m e n t formation can have i m p o r t a n t consequences for the application of these materials.
In the absence of galvanic interaction between facets, one would always expect rounded profiles at resist edges w h e n the etch rate of all crystal planes of the solid is diffusion-controlled. This we clearly observe with chemical etchants. In this case, etching is based on a local bond exchange mechanism. On the other hand, for electroless etching in which free charge carriers are important, galvanic interaction can occur between facets. The specific etching mechanism is then decisive for the form of the etched profile. If the etching kinetics are determ i n e d by a diffusion-controlled reduction of the oxidizing agent and the facets differ in e l e c t r o c h e m i c a l "nobility," then cathodic protection of the nobler facets is observed. When rounded profiles are required, this galvanic effect can be avoided by choosing an etchant based on a diffusion-limited oxidation of the semiconductor.
Such galvanic elements can, in a similar way, influence the corrosion properties of s e m i c o n d u c t o r materials. Since crystallographic defects correspond to disturbed regions of the solid they are e x p e c t e d to be less noble than the surrounding material (11) . We have, indeed, observed enhanced corrosion of such defects as a result of l'ocal element formation. This effect may be useful, if one is interested in revealing defects or r e m o v i n g defective regions. However, in the case of devices, localized etching due to galvanic effects at crystallographic imperfections is obviously undesirable. The present work presents ways in which such effects can be avoided.
